Evolution of gene expression during a transition from environmental to genetic sex determination by Molinier, Cécile et al.
Evolution of Gene Expression during a Transition from
Environmental to Genetic Sex Determination
Cecile Molinier,*,†,1 Celine M.O. Reisser,†,1,2,3 Peter D. Fields,4 Adeline Segard,1Yan Galimov,5 and
Christoph R. Haag1,2
1CEFE, CNRS, Univ Montpellier, Univ Paul Valery Montpellier 3, EPHE, IRD, Montpellier, France
2Universite de Fribourg, Ecology and Evolution, Fribourg, Switzerland
3IFREMER Centre du Paciﬁque, UMR 241 EIO, Labex CORAIL, Taravao, Tahiti, Polynesie Franc¸aise
4Universit€at Basel, Zoology Institute, Evolutionary Biology, Basel, Switzerland
5Koltsov Institute of Developmental Biology, RAS, Moscow, Russia
†These authors contributed equally to this work.
*Corresponding author: E-mail: cecile.molinier@cefe.cnrs.fr.
Associate editor: John Parsch
Abstract
Genetic sex determination (GSD) can evolve from environmental sex determination (ESD) via an intermediate state in
which both coexist in the same population. Such mixed populations are found in the crustacean Daphnia magna, where
non-male producers (NMP, genetically determined females) coexist withmale producers (MP), in whichmale production
is environmentally inducible and can also artiﬁcially be triggered by exposure to juvenile hormone. This makes Daphnia
magna a rare model species for the study of evolutionary transitions from ESD to GSD. Although the chromosomal
location of the NMP-determiningmutation has beenmapped, the actual genes and pathways involved in the evolution of
GSD from ESD remain unknown. Here, we present a transcriptomic analysis of MP and NMP females under control
(female producing) and under hormone exposure conditions. We found100 differentially expressed genes between MP
and NMP under control conditions. Genes in the NMP-determining chromosome region were especially likely to show
such constitutive expression differences. Hormone exposure led to expression changes of an additional 100 (MP) to
600 (NMP) genes, with an almost systematic upregulation of those genes in NMP. These observations suggest that the
NMP phenotype is not determined by a simple “loss-of-function” mutation. Rather, homeostasis of female offspring
production under hormone exposure appears to be an active state, tightly regulated by complex mechanisms involving
many genes. In a broader view, this illustrates that the evolution of GSD, while potentially initiated by a single mutation,
likely leads to secondary integration involving many genes and pathways.
Key words: sex chromosomes, differential gene expression, RNA sequencing, genomics, Daphnia magna.
Introduction
Sex determination can either result from genetic differences
between males and females (genetic sex determination,
“GSD”) or be initiated by environmental cues inducing
male or female development (environmental sex determina-
tion “ESD”); Janzen and Paukstis 1991; Beukeboom and Perrin
2014; Yatsu et al. 2016). In most taxonomic groups, GSD is an
evolutionarily derived state, having evolved either from her-
maphroditism or from ESD, and its evolution is often linked
with the evolution of sex chromosomes. Although the evo-
lutionary transition to GSD from hermaphroditism has re-
ceived much attention (Ashman 2002; Dorken and Barrett
2004), the transition from ESD is much less documented.
According to the consensus model, GSD may evolve from
ESD via an intermediate state (called partial GSD) in which
ESD and GSD individuals coexist in the same population: A
dominant female-determining mutation on an autosome
leads to a genetically determined female state for individuals
carrying this mutation, whereas the remaining individuals
remain with an ESD state. If these GSD females increase in
frequency (e.g., due to some fitness advantage such as obli-
gate outcrossing), their occurrence is likely to exert sex ratio
selection for increased male function in the remaining ESD
individuals. This may lead to the evolution of a full GSD sys-
tem, whereby the remaining ESD individuals become GSD
males through the evolution of a male-determining mutation
in the region homologous to the one carrying female-
determining mutation, or in a region nearby, which will cause
selection for repressed recombination to prevent ambiguous
individuals bearing both mutations (Bergero and
Charlesworth 2009). These new “proto-sex chromosomes”
may then independently accumulate further mutations
with sex-specific effects and the suppression of recombina-
tion may then expand over larger regions leading to the evo-
lution of sex chromosomes (Charlesworth 1991;
Charlesworth and Charlesworth 2000).
There is ample empirical support for various aspects of this
model of the evolution of separate sexes and sex
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chromosomes (Peichel et al. 2001; Lindholm and Breden 2002;
Khil et al. 2004; Bachtrog et al. 2008). Yet, many details, espe-
cially regarding the early stages of sex chromosome evolution,
are still unknown or controversial. The molecular mecha-
nisms and pathways underlying the different forms of sex
determination are just starting to be elucidated (Bachtrog
et al. 2014; Herpin and Schartl 2015). To investigate these
issues, many studies have focused on intermediate systems,
which are rather common between hermaphroditism and
dioecy (Charlesworth 2006; Barrett 2010; Weeks et al. 2014)
but rare and understudied for the ESD to GSD transition.
Daphnia magna is a freshwater crustacean which offers
unique opportunities to study the evolutionary transition
from ESD to GSD because it contains mixed populations
with some individuals being genetically determined females
and others having ancestral ESD (Galimov et al. 2011).
Females are determined by a single nuclear chromosome re-
gion (Galimov et al. 2011; Reisser et al. 2017). The D. magna
system thus closely fits the scenario outlined above for the
consensus model. Like most other Daphnia species,D. magna
reproduces by cyclical parthenogenesis, a partly sexual and
partly asexual life cycle (Hebert 1978; Ebert 2005). During
asexual reproduction, females produce clonal, live-born off-
spring, whereas sexual reproduction leads to the production
of diapause eggs which are required to survive periods of
freezing or drought (Caceres 1998; Ebert 2005). In ESD indi-
viduals, the sex of the clonally produced offspring is deter-
mined by the environment (Kleiven et al. 1992). Specifically,
male production is induced by a juvenile hormone emitted by
the mother in response to specific conditions, such as short-
ened photoperiod and/or increased population density
(Olmstead and Leblanc 2002; Roulin et al. 2013). Male pro-
duction can also be experimentally induced by adding the
crustacean juvenile hormone methyl farnesoate (MF) to the
culture medium at a precise moment of the ovarian cycle
(Olmstead and Leblanc 2002). The individuals with ESD are
also called “male producers” (“MP”) for their ability to pro-
duce males during clonal reproduction. In contrast to these
MP clones, some other clones cannot produce males, neither
in nature nor under artificial hormone exposure (Galimov
et al. 2011), and not even at very low frequencies
(Svendsen et al. 2015). These clones, called “non-male
producers” (“NMP”), are genetically determined females
who participate in sexual reproduction only as females.
Diapause eggs are still produced sexually (NMP are thus
not obligate parthenogens, which also occur in some
Daphnia species [Lynch et al. 2008]). Hence, to be able to
undergo successful diapause egg production, they need to
coexist with MP clones who will provide the males necessary
for sexual reproduction.
Previous studies have shown that the MP/NMP polymor-
phism in D. magna is determined by a large (2Mb), non-
recombining chromosome region on linkage group 3 (LG 3)
(Reisser et al. 2017). This “NMP chromosome region” segre-
gates as a single Mendelian locus with a dominant female-
determining allele on an incipient W chromosome.
Heterozygous individuals (genotype WZ) are genetically de-
termined females (NMP), whereas homozygotes (ZZ) are MP
phenotypes with ESD, and crosses between NMP females and
MPmales result in 50% NMP and 50%MP offspring (Galimov
et al. 2011; Reisser et al. 2017). Hence, MP and NMP do not
differ genetically, except for the NMP region, for which FST is
0.18 between MP and NMP individuals (Reisser et al. 2017).
Although the inheritance mode and general genetic architec-
ture of the NMP trait have been elucidated, we still do not
know which of the over 600 genes in the NMP chromosome
region are involved in producing the NMP phenotype, nor do
we know the identity of downstream genes and molecular
networks involved in the difference between the MP and
NMP phenotypes.
To investigate the genes and networks potentially involved
in the expression of the NMP phenotype, we sequenced
mRNA extracted from MP (ESD) and NMP (GSD) females,
both under control conditions (normal culturing conditions)
and after hormone exposure. Whole adult females including
thematuring oocytes in their ovaries (but not the offspring in
their brood pouches) were sampled at the moment of great-
est hormone-sensitivity for sex determination, as it is unclear
whether the primary response to the hormone occurs in
oocytes or in other maternal tissue. Under control conditions
(absence of MF hormone), both MP and NMP females pro-
duce female parthenogenetic offspring. Hence, any genes that
are differentially expressed (DE) under control conditions rep-
resent constitutive gene expression differences between the
two adult phenotypes and may be related to the potential of
producing males (MP females) or absence thereof (NMP
females). Exposure to MF leads to a change in offspring sex
(male) in MP females, but not in NMP females (Innes and
Dunbrack 1993; Innes 1997; Olmstead and Leblanc 2002;
Olmstead and LeBlanc 2003; Tatarazako et al. 2003). It can
be hypothesized that hormone exposure during the
hormone-sensitive period may lead to a larger number and
stronger gene-expression changes in MP than in NMP
females. Specifically, if NMP is controlled by a simple loss of
hormone-sensitivity mutation, the genes of the male sex-
determination cascade that intervene upstream of this mu-
tation can be hypothesized to show differential expression
upon hormone exposure in both phenotypes, but down-
stream genes only in MP. Previous work has shown that ex-
pression ofDapmaDsx1, one of the doublesex (dsx) genes ofD.
magna, is sufficient to induce male production (Kato et al.
2011). It is therefore likely that the NMP mutation interferes
in the male sex-determination cascade upstream of
DapmaDsx1. In addition, because MF is a hormone involved
in various biological pathways (Homola and Chang 1997),
additional genes, independent of the sex-determination path-
way, may show a reaction to MF in both phenotypes.
Our experimental design comprised four distinct MP
clones and four distinct NMP clones (they are referred to
as “clones” because each of the eight clones is a genetically
distinct isolate from a natural population, cultivated exclu-
sively by parthenogenetic reproduction in the laboratory).
The main analysis of differential gene expression was carried
out for four contrasts: The first two tested differences be-
tween MP and NMP under the two experimental conditions
(control: contrast “MP vs. NMP” and hormone exposure:
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“MP-MF vs. NMP-MF”), the two others tested for changes in
gene expression upon hormone exposure in the two pheno-
types (MP: “MP vs. MP-MF” and NMP: “NMP vs. NMP-MF”).
Statistical tests for the first two contrasts were carried out by
comparing four MP clones with four NMP clones. In these
tests, any among-clone variation in gene expression
(Huylmans et al. 2016; Orsini et al. 2016; Tams et al. unpub-
lished data) will increase the error variance and hence affect
statistical power but not the likelihood of false positives. Tests
for the other two contrasts were done in a pairwise design,
thus taking into account clone identity, which was possible
because each clone was tested in both conditions. In the
presence of significant among-clone variation in gene expres-
sion, these tests should have improved statistical power. For
some analyses, a fifth contrast was added: for a hierarchical
clustering analysis (see below), as well as to assess whether DE
genes showed sex-biased expression, we used gene expression
data obtained frommales of the same four MP clones used in
the current study (data from Molinier et al. [2018]); males
were reared at the same time as the present experiment, so as
to reduce batch effects. For all four main contrasts, we inves-
tigated how many genes were DE, the direction of their ex-
pression, and assessed the genomic location of these genes
with respect to the NMP chromosome region. Finally, we also
investigated the identities of DE genes, specifically with re-
spect to their possible involvement in sex-determination
pathways.
Results
Data Generated and Basic Features of Data Analysis
RNA sequencing of the 16 libraries (eight clones, two culture
conditions each) resulted in a total of 1.1 billion raw, Illumina
paired-end reads. An average of 99.1% of raw reads passed
quality control. After end-trimming, an average of 87.1%
aligned to the reference genome, resulting in an average of
54 million aligned reads per library (see supplementary table
S1, Supplementary Material online, for the percentages of
reads retained at each step and sample). These reads were
used to generate raw read count data for each of the 26,646
genes of the current D. magna genome annotation, which
were then analyzed using state of the art software (mainly
DESeq2, Love et al. 2014). Genes that were DE (multiple com-
parison-adjusted P value [P-adj] <0.05, jlog2 FCj > 1) in at
least one of the four contrasts are listed in supplementary
table S2, SupplementaryMaterial online, along with P-adj and
fold-change (FC) values for each contrast.
Differential Gene Expression between MP and NMP
Females
We found 126DE genes betweenMP andNMP females under
control conditions, of which 80 had a 2-fold-change or higher
(table 1 and fig. 1). Of these 80 genes, 32.5% were overex-
pressed in MP females, and 67.5% in NMP females (table 2).
The heatmap clearly distinguishes gene expression patterns
betweenMP andNMP females (fig. 1).Without correction for
multiple comparisons, 1,542 genes (out of 20,352 for which a
P value was obtained) had P< 0.05, which is clearly higher
than the 1,018 genes (i.e., 5% of 20,352 genes) expected to be
found by chance if all differences between the two pheno-
types were purely random. The discrepancy between these
figures (1,542 1,018¼ 524 is substantially higher than 126)
suggests that theremay exist a class of DE genes that were not
detected, likely due to too low statistical power.
When comparing MP females with NMP females when
both were exposed to MF (MP-MF vs. NMP-MF), 265 genes
were significantly DE (with multiple test correction, as in all
subsequent tests), of which 163 had a 2-fold-change or more.
Of these 163 genes, 48.5% were overexpressed inMP-MF, and
51.5% were overexpressed in NMP-MF (tables 1 and 2 and
fig. 1). However, among the strongly DE genes (jlog2 FCj > 2,
supplementary table S3, Supplementary Material online),
there was a clear bias toward a higher number of genes being
overexpressed in NMP compared with MP, both in control
conditions (78.6%) and under hormone exposure (88.9%).
Changes in Gene Expression upon Hormone Exposure
In MP females, 686 genes significantly changed their expres-
sion upon hormone exposure (table 1), of which 139 had a 2-
fold-change or more (table 1). Of these 139 genes, 57.6%
increased their expression upon exposure, and 42.4% reduced
expression (table 2 and fig. 1). In NMP females, 1,563 genes
significantly changed their expression upon hormone expo-
sure, of which 566 had a 2-fold or more (table 1). Of these 566
genes, 99% increased their expression upon hormone expo-
sure, and only 1% decreased expression (table 2 and fig. 1).
Among the strongly DE genes (jlog2 FCj> 2), the bias toward
a higher number of genes being upregulated rather than
downregulated upon hormone exposure was even clearer
as all of these genes were upregulated upon hormone expo-
sure (both phenotypes), with the exception of a single gene
which was downregulated upon hormone exposure in NMP
(supplementary table S3, Supplementary Material online).
In the analysis of DE genes upon hormone exposure in MP
(i.e., contrast MP vs. MP-MF), the clustering algorithm in
DESeq2 clustered one of the control samples inside the
hormone-exposed samples (fig. 1). However, as can be seen
in the figure, many genes showed consistent differential ex-
pression between control conditions and hormone exposure
in all four MP clones.
Hierarchical Clustering Analysis
To globally identify the main drivers of gene expression differ-
ences, we carried out a hierarchical clustering analysis using
the software WGCNA (“Weighted gene coexpression analy-
sis”) based on filtered and normalized read counts of 18,252
genes for the 20 samples (including the four males from
Molinier et al. [2018]). We found that sex was by far the
most important driver of variation in expression patterns
(fig. 2). However, clone identity also seemed to have an im-
portant effect and apparently affected the general patterns of
gene expression more strongly than the difference between
control conditions and hormone exposure: In females, the
two replicates of each clone (one exposed to MF, one not)
always clustered together (fig. 2). In addition, MP clone 4 had
themost distant expression pattern compared with the three
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FIG. 1. Heatmaps of differential gene expression in each of the four contrasts: (A) MP vs. NMP, (B) MP-MF vs. NMP-MF, (C) MP vs. MP-MF, and (D)
NMP vs. NMP-MF. Each row represents a gene, each column a biological replicate. Relative expression intensities among biological replicates are
shownwith a color code, varying fromdark blue (strongly underexpressed) to dark red (strongly overexpressed), as shownon the right-hand side of
the heatmaps. The dendrograms on the top show the results of the hierarchical clustering as implemented in DESeq2, depicting gene expression
differences among replicates (based on DE genes only).
Table 1. Numbers of Signiﬁcantly (P-adj < 0.05) DE Genes and Their Degree of Expression Bias in the Four Contrasts.
Contrast All <2-Fold 2- to 5-Fold 5- to 10-Fold >10-Fold >2-Fold
MP vs. NMP 126 46 61 11 8 80
MP-MF vs. NMP-MF 265 102 143 10 10 163
MP vs. MP-MF 686 547 135 4 0 139
NMP vs. NMP-MF 1,563 997 552 13 1 566
NOTE.—Fold-changes are givenwithout considering the direction of the bias, for each gene comparing themore strongly expressed condition to themore weakly expressed one
(i.e., all fold-changes are >1). The direction of bias is listed in table 2.
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other MP clones in males as well as in females. Finally, among
females, the four NMP clones clustered together, though the
separation of this node is not very distinct. The presence of a
relatively strong clone effect on overall gene expression pat-
terns suggests that, in the main analysis of differential gene
expression, the two within-clone contrasts (MP vs. MP-MF
and NMP vs. NMP-MF) had higher statistical power to detect
DE genes than the two between-clone contrasts (MP vs. NMP
and MP-MF vs. NMP-MF).
DE Genes in the NMP Chromosome Region
The physical position of 16,111 (out of 26,646) genes could be
identified on the reference genetic map of D. magna (Dukic
et al. 2016). The NMP chromosome region was enriched for
genes that were DE between MP and NMP under control
conditions: 15.6% of these genes (>2-fold-change) occurred
in this region compared with only 2.8% expected by chance
(P¼ 0.0003; table 3). The NMP chromosome region was also
slightly enriched for genes that were DE betweenMP-MF and
NMP-MF (P¼ 0.0041; table 3). In contrast, genes that
changed expression upon hormone exposure (MP vs. MP-
MF and NMP vs. NMP-MF) were slightly underrepresented
in the NMP chromosome region, compared with chance
expectations (table 3).
Genes that Are DE in More than One Contrast
Of the 80 DE genes between MP and NMP under control
conditions (MP vs. NMP), 38 were also DE between MP and
NMP when exposed to the MF (MP-MF vs. NMP-MF, fig. 3),
which is significantly more than expected by chance,
(P< 0.0001). All these 38 genes were biased in the same di-
rection: 30 genes were overexpressed in NMP in both con-
ditions (control and hormone exposure), and 8 genes were
overexpressed in MP in both conditions (fig. 3). Of the genes
that changed expression between control conditions and
hormone exposure, 34 did so in MP as well as in NMP. The
large majority of these expression changes showed the same
directionality in the two phenotypes: 28 genes were overex-
pressed under hormone exposure and 2 genes were overex-
pressed under control conditions in both phenotypes. The
only exception are four genes that were upregulated upon
hormone exposure in NMP but downregulated upon hor-
mone exposure in MP (fig. 3). A Venn-diagram showing the
number of genes that were DE in any combination of all four
contrasts is given in supplementary figure S1, Supplementary
Material online. For the interpretation of this diagram, it is
important to remember that the statistical analysis controls
for the overall false discovery rate, but not for statistical
power. Hence, the fact that a gene was not found to be DE
in a specific contrast should be interpreted with caution. For
all genes that were DE (P-adj< 0.05, jlog2 FCj> 1) in at least
one contrast, the relative expression levels and significance
tests for all four contrasts (even nonsignificant ones) are listed
in supplementary table S2, Supplementary Material online.
An analysis of these data reveals a strong positive correlation
in the degree and direction of expression difference between
MP and NMP when the expression difference (log2 FC) under
control conditions was plotted against the expression differ-
ence under hormone exposure (r¼ 0.78, N¼ 205, P< 0.005,
fig. 4). In other words, genes that were significantly DE be-
tween MP and NMP in one of the two conditions (control
condition or hormone exposure) were likely also DE (with an
expression bias toward the same phenotype) in the other
Table 2. Direction of Expression Bias of DE Genes and Test for
Deviation from 50:50 Ratios for Each of the Four Contrasts.
Contrast Number of
Genes
Overexpressed
in (1)
Number of
Genes
Overexpressed
in (2)
Test for
Deviation
from 50:50,
P Value
MP (1) vs. NMP (2) 26 54 0.0023
MP-MF (1) vs.
NMP-MF (2)
79 84 0.75
MP (1) vs. MP-MF (2) 59 80 0.09
NMP (1) vs.
NMP-MF (2)
6 560 <0.0001
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FIG. 2. Dendrogram showing the results of the hierarchical clustering analysis of global gene expression patterns (all genes) and including, for
comparison, also a male of each of the four MP clones.
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condition, especially for genes with a strong expression bias. A
similar correlation also exists for genes that were significantly
DE between control and hormone exposure: Their expression
change (log2 FC between control and hormone exposure)
was positively correlated between the two phenotypes
(r¼ 0.35, N¼ 671, P< 0.05, fig. 4). In other words, that a
substantial proportion of genes that changed expression
upon hormone exposure in a certain direction in one
phenotype did so also in the other one. Yet, the correlation
was weaker compared with DE genes between MP and NMP.
Indeed, closer inspection of figure 4 reveals the existence of a
substantial number of genes that showed a reaction to hor-
mone exposure that was specific to one of the two pheno-
types. These include genes whose expression responded to
hormone exposure in one phenotype but not in the other, as
well as the four above-mentioned genes whose expression
changed in opposite direction upon hormone exposure in
MP compared with NMP.
Sex-Biased Expression of DE Genes in the Four
Contrasts
We also compared the genes being DE in the four contrasts
with a list of sex-biased genes (Molinier et al. 2018, fig. 3).
Interestingly, among the genes that were DE between control
conditions and hormone exposure, we found a higher pro-
portion of sex-biased genes in MP (i.e., in the contrast MP vs.
MP-MF) than in NMP (contrast NMP vs. NMP-MF; 59%,
N¼ 139 compared with 33%, N¼ 566, Fisher’s exact test,
P< 0.0001). Furthermore, taking as a reference the overall
proportion of genes with male-biased expression (57.7%)
among all sex-biased genes (N¼ 8,384, Molinier et al. 2018),
we found that, in MP, hormone exposure led to a significant
Table 3. Number and Proportions of the DE Genes Inside and
Outside the NMP Region.
Contrast Number
(proportion) of
DE Genes in the
NMP Region
Number of
DE Genes
Outside the
NMP Region
P Value
(Fisher’s
exact test)
MP vs. NMP 7 (15.6%) 38 0.0003
MP-MF vs.
NMP-MF
9 (8.18%) 101 0.0041
MP vs.
MP-MF
0 89 0.19
NMP vs. NMP-MF 3 (0.7%) 424 0.0029
NOTE.—The expected proportion of DE genes in the NMP region is 2.8% (458 of
16,111 mapped genes). Signiﬁcant P values indicate signiﬁcant overrepresentation
(>2.8%) or signiﬁcant underrepresentation (<2.8%) of DE genes in theNMP region.
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FIG. 3. Number of genes found to be DE inmultiple contrasts. (A) Number of genes being DE between control and hormone exposure in NMP (left
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found to be DE in only one contrast (margins) and genes being DE in both contrasts (center).
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upregulation of male-biased genes (Fisher’s exact test,
P¼ 0.0014) and to a significant downregulation of female-
biased genes (P¼ 0.0005). In contrast, in NMP, hormone ex-
posure led to a significant upregulation of female-biased
genes (P¼ 0.016).
Of the genes that were DE between MP and NMP, about
50% were also sex-biased, both in control conditions and
under hormone exposure. Under control conditions, there
was no deviation from expectations in the proportion of
female-biased versus male-biased genes, neither among genes
overexpressed inMP nor among genes overexpressed in NMP
(P¼ 0.29 and P¼ 0.16, respectively, fig. 3). However, under
hormone exposure (MP-MF vs. NMP-MF), the genes that
were overexpressed in MP showed a strong tendency to be
male biased (54 male-biased genes compared with only three
female-biased ones, P< 0.0001, fig. 3). There was no such
tendency among genes that were overexpressed in NMP
(P¼ 0.8345).
Gene Ontology (GO) Enrichment
The GO-enrichment analysis was carried out on all DE genes
(P-adj < 0.05, no restriction on jlog2 FCj), in order to have a
sufficient number of genes for the analysis of each of the four
contrasts. The results are reported in supplementary figure S2,
SupplementaryMaterial online. Among the genes that are DE
betweenMP and NMP under control conditions, “catabolism
activities of sugar” were overrepresented in the category
“biological processes” and “peptidase activity” in the category
“molecular functions”. Under hormone exposure, several
other biological processes, mainly related to DNA replication,
were overrepresented among the DE genes between MP and
NMP. Several molecular functions linked to transcription and
regulation (e.g., “nucleic acid binding transcription factor
activity,” “DNA binding,” and “sequence-specific DNA bind-
ing”) were overrepresented (supplementary fig. S2,
Supplementary Material online). The GO-enrichment
analyses of genes being DE between control conditions and
hormone exposure showed an overrepresentation of many
different GO-terms in both MP and NMP, with some com-
mon terms linked to carbohydrates and lipids, such as “lipid
transport” (supplementary fig. S2, Supplementary Material
online).
Functional Annotation of the Genes with the
Strongest Expression Differences
We first concentrated on genes that showed particularly
strong expression differences (jlog2 FCj > 2, i.e., being DE
by more than a 4-fold-change). In total, 90 such genes were
found in at least one of the contrasts (supplementary table S3,
Supplementary Material online). From the General Feature
Format (GFF) file or the BLAST2GO analysis, we were able to
identify a functional annotation for a bit<50% of these genes
(supplementary table S3, Supplementary Material online).
Several of these genes involved in carbohydrate-related pro-
cesses, which have already earlier been identified as important
components ofMF pathways and/or sex-determination path-
ways (Toyota et al. 2017). Other notable gene families in-
cluded hemoglobin and serine protease, which also had
been identified as components of the MF and/or sex-
determination pathway (Toyota et al. 2014, 2015, 2017; Abe
et al. 2015). The genes with the highest expression differences
in reaction to hormone exposure were a cell wall-associated
hydrolase (in MP) and a cytosolic sulfotransferase 1B family
member (inMP). In addition, “tectonin beta-propeller repeat-
containing 2,” which may be involved in autophagy and cell
cycle regulation (Alexander et al. unpublished data), was
strongly (almost 100 times) upregulated in NMP compared
with MP under both control conditions and hormone
exposure.
Included in the list of genes with strong expression differ-
ences are also the four genes that showed an opposite reac-
tion to hormone exposure in MP compared with NMP, being
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upregulated upon hormone exposure in NMP but downre-
gulated upon hormone exposure in MP (fig. 3). Although the
individual FCs are lower than for the above genes, the changes
were in opposite direction in the two phenotypes, which was
the rationale for including them. Three of them had a func-
tional annotation (supplementary table S3, Supplementary
Material online), yet with unclear meaning with respect to
the differential reaction of the two phenotypes to the hor-
mone. Nonetheless, all four genes are interesting candidates
for being involved, as key components, in the phenotype-
specific effects of hormone exposure.
Functional Annotation of DE Genes in the NMP
Chromosome Region
Across all four contrasts, 14 DE genes (P-adj < 0.05 and
jlog2 FCj > 1) were found in the NMP chromosome region,
but only five with an annotated function (supplementary
table S4, Supplementary Material online). Most notably,
one of the genes that was DE between MP and NMP under
control conditions, “ecdysone 20-monooxygenase isoform
X1” (Weirich et al. 1984), is a key enzyme in the formation
of the moulting hormone which belongs to the cytochrome
P450 family known to be involved in sex determination in
other organisms (Doctor 1985; Verma 1996).
Expression Patterns of Genes with Known Functions
We investigated whether genes that had earlier been identi-
fied as potential candidate genes involved in the NMP phe-
notype or in sex determination/sex differentiation are DE in
any of the four contrasts. First, we searched for the most
probable D. magna homolog of gene 8960, the gene primarily
responsible for the NMP phenotype in Daphnia pulex (Ye Z,
Molinier C, Zhao C, Haag CR, Lynch M, in review). We
obtained just a single hit, in the D. magna assembly, as well
as in the RNA-sequencing data by Orsini et al. (2016): Gene
APZ42_021088 (no functional annotation) shows 51.2%
amino acid similarity to gene 8960. It is located between
positions 633974 and 635100 on scaffold 1036 of the 2.4 D.
magna assembly, on linkage group 10 of the reference genetic
map (Dukic et al. 2016). Because it is outside the NMP chro-
mosome region on LG 3, it is unlikely that gene APZ42_021088
carries the causal mutation responsible for NMP in D. magna.
Furthermore, in contrast to D. pulex, where gene 8960 is
upregulated upon hormone exposure in MP but not in
NMP phenotypes (Ye Z, Molinier C, Zhao C, Haag CR,
Lynch M, in review), gene APZ42_021088 was not DE in any
of the contrasts except for NMP vs. NMP-MF, where it was
slightly upregulated under hormone exposure (supplemen-
tary table S5, Supplementary Material online). Second, we
compiled a list based on published literature of 34 candidate
genes potentially involved in sex determination in D. magna
and checked if they were DE in any of the contrasts. Three
genes were significantly DE (supplementary table S5,
Supplementary Material online): Doublesex1 was overex-
pressed in NMP compared with MP (both experimental con-
ditions) but did not show an expression change upon
hormone exposure. Furthermore, FTZ-F1 was downregulated
upon hormone exposure inMP but did not show a change in
expression upon hormone exposure in NMP, and Vrille was
upregulated upon hormone exposure in MP and NMP
(though in NMP the FC was <2, supplementary table S5,
Supplementary Material online).
Discussion
Constitutive Differences in Gene Expression between
MP and NMP Phenotypes
We found a bit more than 100 genes to be constitutively DE
between MP and NMP even in the absence of hormone. This
is far less than, for instance, the number of DE genes between
sexes (Molinier et al. 2018). However, under control condi-
tions, phenotypic differences between NMP and MP individ-
uals are invisible: both phenotypes are females producing
female parthenogenetic offspring. Thus, the gene expression
differences between MP and NMP females are likely linked to
the constitutive ability (or the absence thereof) of these
females to producemales in case of an environmental change
(or under artificial hormone exposure). Furthermore, the ex-
pression differences between phenotypes were strongly cor-
related between control conditions and hormone exposure,
suggesting that the constitutive expression differences are
largely condition-independent.
The constitutively DE geneswere particularly concentrated
in the NMP chromosome region. This large, nonrecombining
region likely contains several genetic variants involved in the
NMP phenotype (Reisser et al. 2017). Among them is the
primary variant causing a loss of male-producing function,
perhaps a loss-of-function mutation in a gene essential for
makingmales, or in the environment-dependent switch, from
female to male offspring production. However, the region
likely contains several additional mutations that are function-
ally involved in the NMP phenotype (Reisser et al. 2017).
These functions may be related to secondary fine-tuning
and integration of the effects of the primary mutation.
Notwithstanding these points, it is possible that some of
the mutations are located in regulatory regions, leading to
differential gene expression, and thus potentially explaining
the enrichment of the region for DE genes.
Gene Expression Differences in Response to the
Hormone in MP and NMP Phenotypes
Hormone exposure induced changes in gene expression in a
large number (several 100s to over 1000s) of genes in MP and
NMP phenotypes, respectively. A subset of these genes
showed parallel changes in the two phenotypes (i.e., changes
in the same direction upon hormone exposure). These may
be genes involved in hormone pathways that are either unre-
lated to the induction of the male production cascade, or in
the part of the cascade that is common to both phenotypes.
Yet, a substantial fraction of genes reacted differently to hor-
mone exposure in the two phenotypes: They either showed
changes in opposite direction upon hormone exposure or
showed strong expression changes in one phenotype while
reacting only weakly or not at all in the other.
Genes showing MP-specific expression changes upon hor-
mone exposuremight be involved in the cascades that lead to
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male production exclusively in MP. In line with this idea,
hormone exposure led to a “masculinization” of gene expres-
sion in MP females, that is, to an upregulation of male-biased
genes and to a downregulation of female-biased genes. Note,
however, that the developing oocytes, whose sex was deter-
mined during hormone exposure, were still inside their moth-
ers’ ovaries at the time of sampling (Hiruta et al. 2010). At this
stage, they make up only a tiny fraction of the whole tissue
sampled, and their transcriptional activity is unclear. Most of
the hormone-induced gene-expression changes likely oc-
curred in the mothers. This suggests that male production
in MP via ESD is under maternal control, initiated by
hormone-dependent, maternal gene-expression changes tak-
ing place much before the termination of oogenesis.
Inferring the role of the genes with NMP-specific expres-
sion changes upon hormone exposure is less straightforward,
due to a lack of a visible phenotype. It is possible that some of
these changes are due to unspecific reactions to the hormone,
unrelated to the phenotype-specific cascades that lead to
continued female production in NMP. Yet, unspecific
changes are difficult to reconcile with the larger number of
genes that changed expression upon hormone exposure in
NMP than in MP and with the observation of a slight but
significant “feminization” of gene expression (i.e., preferential
upregulation of genes with female-biased expression) in NMP.
It is thus possible that, despite the constitutive expression
differences between MP and NMP, extensive gene regulation
changes are required for homeostasis of the female-producing
pathway under hormone exposure in NMP.
Functional Analysis of Genes Involved in the NMP
Phenotype Determination
The functional annotation of DE genes revealed a large pro-
portion of genes with unknown functions. Nonetheless, for
each contrast, a list of genes with known function could be
identified, and these lists contain several candidates of key
genes involved in constitutive differences between MP and
NMP, as well as in their differential reaction to hormone
exposure. Among the most promising candidates are genes
located in the NMP chromosomal region, genes with large
FCs, as well as genes that are DE in several contrasts, such as
those with opposite responses to hormone exposure in the
two phenotypes. However, even the genes with annotated
functions are involved in a multitude of biological processes,
suggesting that themolecular construction of the phenotypic
differences between MP and NMP, as well as their differential
reaction to hormone, is multifaceted.
Some of the genes identified in this paper as reacting to
hormone exposure had already been identified before (Eads
et al. 2008; Hannas et al. 2011; Toyota et al. 2014, 2015, 2017;
Abe et al. 2015), including some genes known to be involved
in sex determination. In particular, the expression of
Doublesex1 (Dsx1) is known to be sensitive to hormone treat-
ment and sufficient to trigger male production in MP (Xu
et al. 2014; LeBlanc and Medlock 2015). Indeed, Dsx plays a
key role in sex differentiation in many organisms (Burtis and
Baker 1989; Verhulst et al. 2010). In D. magna, Dsx1 is over-
expressed in early male development compared with females
(Kato et al. 2011; Nong et al. 2017), but the difference appears
only post-ovulation (Nong et al. 2017). The likely reason for
why we did not find Dsx1 to be DE between control condi-
tions and hormone exposure inMP is thus that the hormone-
triggered change of Dsx1 expression reported in the literature
occurs downstream of the expression changes observed in
our study. We did, however, observe a clear constitutive ex-
pression difference of Dsx1 between MP and NMP females in
both culturing conditions, with Dsx1 being overexpressed in
NMP.Dsx1may thus play a role in the constitutive differences
between phenotypes.
Gene APZ42_021088, the putative homolog of gene 8960 in
D. pulex, clearly does not have the same central function in
determining the NMP phenotype as in D. pulex (Ye Z,
Molinier C, Zhao C, Haag CR, Lynch M, in review). Neither
is it located in the NMP chromosome region, nor was it found
to be DE in MP upon hormone exposure. However, it was
upregulated upon hormone exposure in NMP, which sug-
gests that it may still be involved in the same pathway as
in D. pulex, though in a different role. These observations,
together with the fact that no other putative homolog of
gene 8960 was found in D. magna, suggest parallel evolution
of the NMP phenotype in D. magna and D. pulex, which is
probably not so surprising given their divergence time of
150 My (Kotov and Taylor 2011).
General and Evolutionary Implications of the Results
Exposure to MF leads to a change in phenotype in MP but
not in NMP females. Our initial hypothesis was that hormone
exposure should lead to more pronounced changes in gene
expression in MP than in NMP females. Furthermore, if NMP
was entirely controlled by a simple loss of hormone sensitivity,
expression differences between the two phenotypes may oc-
cur only in presence of the hormone (due to the hormone-
sensitive genes being differentially regulated in MP). Our
results do not conform to these expectations: A substantial
number of genes showed constitutive expression differences
between MP and NMP under control conditions, and hor-
mone exposure led to expression changes in a larger number
of genes in NMP than in MP. Taken together, our findings
suggest that the homeostasis of female production is regu-
lated by a rather complex mechanism, involving differential
expression of many genes (constitutive and hormone in-
duced). It seems likely that some of these changes are due
to secondary modifications, which occurred after the estab-
lishment of the initial female-determining mutation. Overall,
the complex nature of the gene expression patterns underly-
ing the maintenance of female production suggests that the
evolution of the NMP phenotype is not a very recent event.
Concomitantly, this also suggests that the sex-chromosome-
like region (the NMP chromosome region) is not very young
and likely has incurred secondary changes, including possibly
sex-antagonistic mutations and additional recombination
suppression. In other words, the NMP chromosome region
appears to be at an advanced stage of evolution of an incip-
ient W chromosome. More generally, our study illustrates
that the evolution of a genetically determined sex from ESD
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may be complex, involving modifications of multiple genes
and pathways.
Materials and Methods
Daphnia Clones Used in the Study
AllD.magna clones used in this study originated from a single
population in Moscow (55.763514N, 37.581667E). The
clones have been used in another study (Reisser et al.
2017), where their phenotype was verified by hormone tests,
and genetic markers revealed that each of the clones was
genetically distinct.
Preparation and Treatments for RNA Sequencing
We carried out RNA sequencing on adult NMP females and
adult MP females, kept under control conditions (i.e., stan-
dard culturing conditions under which the females typically
produce female parthenogenetic offspring) or exposed to
hormone prior to sampling. Each phenotypic class and ex-
perimental condition was replicated four times by using four
NMP clones and four MP clones (“biological replicates”). One
library was prepared per biological replicate, resulting in a
total of 16 libraries. Furthermore, each library was based on
eight technical replicates, that is, eight replicate individuals of
the same genotype, phenotype and treatment. Hence, a total
of 128 individuals were raised for the experiment. Technical
replicates were used to reduce variation due to small differ-
ences in environmental conditions (light, temperature, food,
etc.) on gene expression. Such small environmental differen-
ces may be caused, for instance, by different positions of
individuals within the culture tubes. The eight individuals
per biological replicate were pooled just prior to RNA
extraction.
Experimentation
Gravid parthenogenetic females were transferred individually
to standard culturing conditions: a single individual in a 50-ml
Falcon tube containing 20 ml of artificial medium for
Daphnia (Klu¨ttgen et al. 1994), fed with 150ml of algae solu-
tion (50 million of cells of Scenedesmus sp. per ml), and kept
at 19 C under a 16:8 h light–dark photoperiod. Each techni-
cal replicate was reared under these standard conditions dur-
ing two pre-experimental clonal generations to remove
maternal effects due to different culturing conditions
(Gorbi et al. 2011). To that end, one randomly selected off-
spring of the second clutch was transferred to a new tube to
start the next generation. Third-generation offspring were
used for RNA sequencing. The experimental procedure en-
sured that these individuals were derived from germinal cells
that had started their differentiation under standard culturing
conditions. Throughout the experiment culture medium was
exchanged daily. Just before the moult during which third-
generation females released their first clutch into the water
column, all individuals were transferred individually to a 1.5-
ml well on a culture plate, where they were kept for about
three days. Standard medium (controls) or medium contain-
ing 400 nM of MF (MF treatment, MF was obtained from
Echelon Biosciences, catalog number S-0153) was exchanged
daily, and the juveniles released during the moult were re-
moved (the new clutch that was deposited into the brood
pouch shortly after this moult was removed after sampling).
All individuals were sampled 60 h past moult, which corre-
sponds to the moment of highest sensibility of the maturing
oocytes in the ovaries to MF for male production (Olmstead
and Leblanc 2002). Since RNA was extracted from whole
individuals, no food was added during the last 12 h before
sampling in order to minimize algal RNA contamination
(most of which will be digested and hence degraded after
12 h). The period without food was kept relatively short to
minimize induction of starvation-dependent gene expression.
The efficacy of the hormone batch was successfully tested on
the second generation females: Using MF, we produced
brothers of the MP females used in the experiment
(Molinier et al. 2018).
Sampling
To remove as much culture medium as possible, the individ-
uals were blotted with absorbing paper (previously sterilized
with ultraviolet for 30min), and then transferred to a 1.5-ml
tube that was directly immersed in liquid nitrogen. Directly
after flash-freezing, three volumes of RNAlater ICE solution
were added to preserve RNA, and samples were placed at
80 C. Treatment with RNAlater ICE is advantageous when
samples have to be dissected prior to RNA extraction, as it
prevents RNA degradation during thawing and dissection.
Here, prior to RNA extraction, all eggs were removed from
the brood pouch of females to avoid noise from developmen-
tal genes not induced under treatment conditions (develop-
ing oocytes, whose sex was induced under treatment
conditions, were still in the ovaries at the time of sampling;
these eggs would have been deposited in the brood pouch
only during the next moult). The technical replicates (see
above) were subsequently pooled.
RNA Extraction, Library Preparation, and RNA
Sequencing
Total RNA extraction and purification of the 16 samples was
carried out following the protocol of the Daphnia genomic
consortium (DGC; DGC, Indiana University, October 11,
2007), using Trizol Reagents and the Qiagen RNEasy Mini
Kit. The extracted and purified RNA samples were then put
at 80 C and shipped on dry ice to the BSSE Genomic
Sequencing Facility, University of Basel, Switzerland. Each of
the 16 samples was labeled using the TruSeq preparation kit.
All libraries were sequenced using a single flow cell on an
Illumina NextSeq 500 sequencer with 76 cycles in paired-
end (strand information kept).
Quality Control
The software FastQC v.0.10.1 (http://www.bioinformatics.
babraham.ac.uk/projects/fastqc, last accessed April 21, 2018)
was used to analyze read quality. The paired-end sequences
were subjected to adapter trimming and quality filtering using
trimmomatic v.0.36 (Bolger et al. 2014). After trimming of
adapter sequences, terminal bases with a quality score below
three were removed from both ends of each read. Then, using
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the sliding window function and again moving in from both
sides, further 4-bp fragments were removed as long as their
average quality scores were below 15.
Mapping and Counting
Filtered reads were mapped to the D. magna genome assem-
bly (v2.4; GenBank assembly accession: GCA_001632505.1,
including a genome annotation GFF-file with 26,646 genes)
using the RNA-Seq aligner STAR (Dobin et al. 2013) with
default settings. The raw counts (number of mapped reads
per transcript per sample) were obtained with the software
program featureCounts (Liao et al. 2014). Counts were sum-
marized at the gene level using the GFF annotation file.
Differential Gene Expression
Differential expression analysis was carried out with DESeq2
(version 1.10.1) implemented in R (Love et al. 2014). In the
following text, “NMP” or “MP” refer to individuals that were
reared under normal culturing conditions whereas “NMP-
MF” and “MP-MF” refer to those treated with MF. Four pair-
wise comparisons (“contrasts”) were carried out. Because the
four MP clones were different from the four NMP clones, a
one-factor analysis was used for the comparisonsMP vs. NMP
and MP-MF vs. NMP-MF. However, as the same clones were
used in both treatments, the contrasts MP vs. MP-MF and
NMP vs. NMP-MFwere analyzed using a two-factor design, as
implemented in DESeq2, thereby taking into account clone
identity. This assures that tests are carried out according to
the pairwise design. All P values were adjusted for multiple
testing with the Benjamini–Hochberg method as imple-
mented in DESeq2. Genes were considered DE if they had
an adjusted P value <0.05 (false discovery rate ¼ 5%). The
magnitude of differential expression was determined by the
FC differences between the phenotypes or treatments.
Hierarchical Clustering Analysis
After a classical analysis of DE genes, we used the package
WGCNA version 1.50 (Langfelder and Horvath 2008), imple-
mented in R. WGCNA is a hierarchical clustering-based
method that creates networks of genes whose expression is
similar among each other in the sample set, and then corre-
lates these networks (called modules) with particular traits
and conditions of interest.
Raw read counts were first filtered by removing genes with
counts fewer than three in more than 75% of samples and
then normalized using the variance stabilizing normalization
available in DESeq2 (see below). These filtered and normalized
counts led to 18,252 genes to be used as input in theWGCNA
package. The analysis was performed on an extended data set
with the 20 biological replicates, including the four males
from a previous study (Molinier et al. 2018) because they
have a strong pattern of differential expression.
We used this method as a broad-scale method to explore
the main factors driving global variance in gene expression
patterns. Thus, WGCNA provides an opportunity to assess all
potential drivers (phenotype, treatment, and clone) simulta-
neously, rather than using the contrasts of the DESeq2 anal-
ysis. The classical use of the method (identification of
modules of genes with similar pattern of expression changes)
was not employed here, due to a lack of a high enough num-
ber of DE genes in most of our contrasts.
Location of DE Genes on the Genetic Map
To investigate the location of DE genes (P< 0.05; jlog2 FCj >
1) with respect to the NMP chromosome region, we used a
high-density genetic map of D. magna (Dukic et al. 2016). For
the purpose of this study, we defined the NMP chromosome
region as the region between cM-positions 69 and 95 cM on
LG 3, that is, slightly larger than the one previously used by
Reisser et al. (2017) because closely linked genes could con-
tribute to sex chromosome evolution. Among the 16,111
mapped genes, 2.8% were within the NMP chromosome re-
gion. For each of the four contrasts, we then estimated the
proportion of DE genes inside and outside the NMP chromo-
some region and tested for deviations from the expected
proportions using two-tailed Fisher’s exact tests.
Gene Ontology Enrichment Analysis
For each of the four contrasts, we performed a gene ontology
enrichment analysis to test for overrepresentation of GO-
terms in biological processes and molecular functions among
the DE genes (P< 0.05). This was done using the GOatools
Python script (https://github.com/tanghaibao/goatools),
which performs a Fisher’s exact test of overrepresentation
GO-terms of DE genes compared with non-DE genes. GO-
terms with P< 0.01 were considered significantly enriched.
We used the software REVIGO (Supek et al. 2011) to sum-
marize enriched GO-terms (by a reduction of GO-term com-
plexity and levels) and to visualize them.
Annotation of DE Genes
In order to functionally annotate the DE genes found in each
of the four contrasts, we extracted the annotation from the
UniprotKB database, corresponding to the genome annota-
tion (GFF file used). Additionally, and in order to potentially
further complete this annotation, we performed a Blast2GO
annotation (version 4.0.7, Conesa et al. 2005), using the NCBI
nr database, allowing for 20 output alignments per query
sequence with an e-value threshold of 0.001. The subsequent
mapping and annotation steps implemented in BLAST2GO
were run with default settings. Additionally, InterPro IDs from
InterProScan were merged to the annotation for further ac-
curacy. Using these annotations, we first concentrated on the
genes that showed the strongest expression differences in any
of the four contrasts (we used an arbitrary cut-off of jlog2 FCj
> 2). Second, we inspected the function of DE genes in the
NMP chromosome region. Third, we searched for genes po-
tentially involved in sex determination or sex differentiation
in the entire list of D. magna genes to assess whether any of
these are DE. Based on the literature (Caudy et al. 1988; Murre
et al. 1994; Zelzer et al. 1997; Heinrichs et al. 1998; Tokishita
et al. 2006; Hasselmann et al. 2008; Kato et al. 2008, 2010, 2011;
Verhulst et al. 2010; LeBlanc et al. 2013; Guo et al. 2015; Herpin
and Schartl 2015; LeBlanc andMedlock 2015;Mohamad Ishak
et al. 2016; Toyota et al. 2016, 2017; Mohamad Ishak et al.
2017; Nong et al. 2017; Ye Z, Molinier C, Zhao C, Haag CR,
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Lynch M, in review), we compiled a list of candidate genes
potentially involved in sex determination or sex differentia-
tion with a specific emphasis on crustaceans and insects. If no
direct information on D. magna was available, we tried to
identify the most probable homolog of these candidates in D.
magna using the best hit from a blast of the protein sequence
using BLAST2GO.
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